INTRODUCTION
The X-band Synthetic Aperture Radar (X-SAR) is an imaging radar designed to complement the SIR-C L-and C-band systems [1] . It is operated at a frequency of 9.6 GHz under vertical polarization. The shorter wavelength (0.03122 m) of the X-SAR system has particularly favorable capabilities for several applications in the area of vegetation, oceanography, snow/ice and geology. Its weak penetration into the surface and its high sensitivity to surface roughness and associated phenomena can be seen as a signicant enhancement to the L-and C-band measurements of SIR-C. Main X-SAR system parameters are summarized in Table 1 : System parameters of the X-band Synthetic Aperture Radar (X-SAR).
Quantitative analyses of SIR-C/X-SAR data require absolute radiometric calibration of the overall system [2] . Data should be corrected for all power and gain variations and the radiometric modulation in cross-track direction (range dependence and antenna elevation pattern). The antenna pattern can be derived from inight measurements using ground receivers. Radiometric corrections have to be performed during precision processing. The overall processor gain has to be normalized to be independent of range resolution, PRF, processed bandwidth, and eective number of looks [3] . The absolute calibration factor can be determined from images of calibration sites equipped with external reference targets like corner reectors and active radar calibrators (ARCs).
In a detailed preight study [4] we localized and estimated the inuence of possible error contributions throughout the whole system. From measurements in a thermal vacuum chamber [5] the receiver gain was found to be highly sensitive to temperature variations ( 0:2dB= o C). This temperature sensitivity was identied as the major radiometric error source in the sensor itself. It can be corrected by using internal calibration loops to monitor the system gain variations with temperature and time.
The original specication on the shuttle attitude accuracy was 62 o (3-value) [6] . This rather high uncertainty is the other main problem because it results in an insucient knowledge of the antenna boresight direction and consequently in high errors in radiometric corrections. With the antenna boresight we have to rely on the shuttle attitude information. The actual attitude uncertainty can be estimated from ground receiver measurements and from SAR images of rain forest areas (section 3).
This paper includes a detailed description of the X-SAR radiometric calibration algorithms and procedures. Results derived from measurements on the sensor electronics, the inight antenna pattern and the precision SAR image products indicate a highly stable system and high overall performance of the X-SAR. The following sections cover the major calibration steps: internal calibration, antenna pattern determination, processor normalization and absolute calibration. A summary of the achieved calibration performance and image quality as well as estimates of the noise oor are presented. Figure 1 shows a block diagram of the X-SAR system including calibration relevant sub-systems. The chirp signal is generated in the frequency generation unit (FGU) and upconverted to 9.6 GHz in the frequency conversion unit (FCU). After amplication in the high power amplier (HPA), the signal passes the circulator (C) and is transmitted by the antenna. The same antenna receives the signal reected from the earth surface. This signal goes through the circulator, the shutter (S), the band-pass lter and limiter (FL) into the low noise amplier (LNA). The signal is amplied in the LNA and the subsequent receiver (RX), sampled in the analog-digital converter (ADC) and stored on high density digital tapes. The receiver gain can be set in steps of 2 dB from 40 dB to 80 dB. The electronics are mounted on cold-plates in the shuttle payload bay.
INTERNAL CALIBRATION
To monitor essential system parameters (temperatures, powers, voltages, currents) corresponding sensors are installed throughout the whole system. The temperature sensors are located at system elements, where the temperature is repre- sentative (e.g. SAW lter for RX temperature). Fig. 2 shows the temperature measured at the SAW lter and the peak output power of the HPA as a function of the mission elapsed time (MET) during SRL-1. The cold-plates kept the system temperature at a mean value of 20 o C with a very low variation of 60:95 o C which corresponds to the resolution of the temperature sensor. This high stability solves the problem of the temperature sensitivity of the receiver. For the HPA output we calculated an average peak transmit power of 3.35 kW 6 0:1 dB. Identical measurements during SRL-2 conrmed the SRL-1 results. The sensor was not expected to be that stable. Therefore special circuits have been implemented for direct monitoring of gain variations. The block diagram in gure 1 includes these calibration loops. The TX-calibration coupler (C3) couples out part of the high power transmit signal. This calibration signal (chirp) passes a xed attenuator (A2) and the receiver and provides information on the variation of the product of transmit power and receiver gain (excluding the LNA). The RXgain for the TX-loop is set to the mid value of 60 dB. The RX-calibration uses part of the FCU-output, which is stabilized for gain variations, and checks the whole receiver dynamic range by stepping the RX-loop attenuator (A1) in steps of 5 dB from 0 to 60 dB (calibration level) and the RX-gain over the whole 40 dB range.
RX-and TX-calibration are performed at the beginning and the end of each data take. TX-calibration data are evaluated during precision processing in order to correct the residual variations. Those were found to be less than 60:2 dB which agrees well with the above mentioned temperature and power stabilities.
3 ANTENNA PATTERN MEASUREMENTS Adequate radiometric corrections of SAR data require knowledge of the sensortarget geometry and the antenna elevation pattern. Preight measurements have been performed on the three separate leaves of the X-SAR slotted wave guide antenna on an antenna test range [7] . The reconstructed pattern has been calculated from the data of the single leaves.
One of the main activities at the Oberpfaenhofen test site was the verication of the actual inight SIR-C/X-SAR antenna patterns using ground calibration receivers [8] . For that purpose we deployed and surveyed (using GPS) 20 receivers in each frequency band over an area of approximately 100 km extension. More than 30 colleagues were involved in the operation of our ground calibration equipment. The receivers were designed and manufactured by the Institute of Navigation at the University of Stuttgart.
These instruments are capable of handling various pulse lengths and PRFs, have a dynamic range of 65 dB and an absolute accuracy of 60.3 dB (after software correction). The precise internal clocks are synchronized to UTC (Universal Time Coordinated) using GPS receivers. Each radar pulse is sampled sixteen times. The built-in microcomputer stores the measured samples to a maximum of 8000 pulses, sets time marks, and writes the operating temperature and the individual unit-ID into the memory. This feature allowed us to analyze the transmitted radar pulses in detail. Figure 3 shows pulses from the X-SAR recorded by a ground calibration receiver on data take 30.0 of SRL-1. The almost perfect rectangular-shaped pulses gave us a rst indication of the good performance of the X-SAR transmit path including the antenna. The slight increase in power from pulse to pulse is due to the slope of the azimuth pattern in the main lobe.
Integration of the measured pulses provides the received power versus time of receipt, i.e. due to the platform motion an azimuth cut through the threedimensional pattern. The time marks further allow to relate each measured pulse to an orbit position and consequently to calculate the distance between sensor and ground receiver and to transform our data into a co-ordinate system centered in the shuttle. The result is an azimuth cut as a function of azimuth angle at the o-nadir look angle of the ground receivers position.
Such an X-SAR azimuth pattern is presented in gure 4. The received power after correction of the range dependence is plotted versus the azimuth angle. Within The maximum received power was -35.3 dBm, which corresponds to a ground ux density of -9.7 dBm/m 2 , as expected. Both pulse shapes and azimuth patterns measured during the second mission perfectly matched those recorded during SRL-1. We could not nd any degradation from the rst to the second ight.
For all individual receiver measurements we determined the power maximum and the corresponding o-nadir look angle. In a rst iteration we then used the antenna look angles provided by the shuttle attitude information system to relate these data to 0 o o-boresight angle. A polynomial t to this cloud of measurements was our rst elevation pattern. By correlation (second iteration) of this pattern with the data of each individual overight we obtained more accurate Table 2 : Comparison of boresight angles estimated from ground receiver measurements and rain forest data with those derived from the shuttle attitude data. slotted waveguide antenna worked perfectly during both ights.
Except for o-boresight angles between 0 o and 4 o these results are in good agreement with the reconstructed (preight measured) elevation pattern shown as a dashed line. Maximum deviations of 0.8 dB are possibly due to the inuence of the SIR-C antenna structure [9] .
The other information necessary for antenna pattern correction is the antenna boresight. Uncertainties in boresight angle determination are one of the major error sources in overall calibration. As the specied accuracy on the shuttle attitude is only 62 o (3-value), we compared boresight angles estimated from our ground receiver measurements and from rain forest data takes with shuttle attitude data to get some feeling of the actual accuracy. Table 2 summarizes these results. The dierence between our measurements and the attitude information is about 0.2 o , the maximum deviation is 0.3 o which is far better than the specication. From Doppler centroid estimates we know that the pitch and yaw information from the shuttle is also accurate within 60:2 o with outliers up to 60:4 o . Due to this excellent performance of Endeavour's attitude information system it is possible to perform precise corrections and to process relatively calibrated SAR images.
4 PROCESSOR CALIBRATION Two X-SAR image standard products are of interest for the following: the single look, slant range, complex (SSC) data and the multi-look, ground range, detected (MGD) images. The SSC is left as natural as possible to allow for interferometry [10] and radar related investigations. The MGD is designed to give a standardized representation of scenes acquired under the entire range of imaging modes. To achieve this exibility the MGD is generated from a single look full resolution image (similar to a detected SSC) by incoherent ltering and resampling [11, 12] . The lter kernel is adapted to the imaging geometry and sensor modes such that a ground pixel spacing of 12.5 m 2 12.5 m and a resolution of about 25 m 2 25 m is obtained. From MGDs all geocoded products are derived.
For both the SSC and the MGD the image pixel intensity I is related to the backscatter coecient o and the raw data noise power N raw via
where
2) The aim of processor calibration is to keep the calibration factor K o constant and well dened, i.e. to control the processor signal gain K S (R) such that all variations in the sensor, imaging, and processing parameters are compensated for (e.g. look angle, RX-gain, range chirp bandwidth, quantization mode, PRF, processing bandwidth, spectral weighting). This requires knowledge of all the relevant quantities:
i is the incidence angle on the reference earth ellipsoid (GEM6 corrected by average scene terrain height).
is the local terrain slope. It is not taken into account during processing. However, i is given in the product header as a function of range to allow the user to perform a better local incidence angle correction, if is known.
A , the noise equivalent azimuth beamwidth, is assumed to be a constant. E T X , the transmitted chirp energy (= transmit power 2 chirp duration), is measured from the TX-calibration sequences at start and stop of each data take. Note that this estimate not only reects the transmitted energy but actually includes the product of E T X and the (temperature sensitive) RX-gain G RX at a nominal gain setting of 60 dB (see section 2). G RX is the receiver gain. It is reported in the X-SAR raw data header and may change every second. A look-up table in the processor relates the nominal gain setting to the accurate value at a reference temperature (from the preight measurements). The temperature dependence of G RX is almost identical for all gain settings and, hence, also for the one used in the TXcalibration loop [4] . Therefore, the estimate of E T X already accounts for temperature induced gain variations. G ADC is the gain of the analog-to-digital converter (ADC) chain. The X-SAR ADC is a 6/6bit I/Q quantizer; the alternative 4/4bit quantization is obtained by discarding the two least signicant bits. This is taken into account when reading the data into the processor memory and during subsequent raw data correction. G 2 ( 0 l ) is the two-way elevation antenna pattern, where is the oboresight angle and l is the o-nadir look angle. The antenna pattern is the one derived in section 3. In order to avoid swath truncation as far as possible the antenna pattern is used in the range 04:65 o 4:65 o , i.e. down to -20 dB (two-way). l is derived from the shuttle attitude information (roll) and the mechanical tilt angle of the X-SAR antenna. For correction of the antenna pattern term the angle has to be converted to range R. This requires accurate orbit and terrain height information. Shuttle attitude and orbit are the main error sources for X-SAR radiometric correction (see section 6). N raw is the raw data noise power. It is estimated from two receive-only sequences per mission for both the ne and the coarse resolution mode (see section 7).
K S (R) is the signal gain of the processor for distributed scatterers and K N (R) is the processor noise gain. K S (R) is not only a function of range, it is also updated in azimuth in one-second time steps to account for receiver gain changes and roll angle variations.
In the processor all the range and azimuth dependent corrections are applied after range compression by the radiometric correction function K rad (R;t) / 1 c 2 R 3 sin i E T X G RX (t) G 2 ( 0 l (t)) (3) where t stands for azimuth time. The nal step toward a constant calibration factor K o is to carefully control the gains of the dierent processing steps. In general, the gain of a lter H(f) applied on a stationary (signal) process of power spectral density A(f) is [13, 14] 
(4) while its white noise gain is simply (assuming the azimuth case as an example)
(5) The range compression lter as well as the interpolation kernel used for range cell migration correction are normalized to unity white noise gain. This is adequate since the raw data range spectrum is rectangular shaped; the spectra and the oversampling factors are the same for both range resolution modes. The signal gain equation (4), however, must be considered to make the azimuth compression lter gain independent of the wide variation of PRFs (1240 Hz ... 1736 Hz), processed bandwidths (650 Hz ... 1180 Hz), and dierent spectral weighting used for SSC and MGD. This in turn requires knowledge about the shape of the Doppler spectrum. In section 3 we have modeled the mainlobe of the measured one-way azimuth antenna pattern by a sinc 2 function. The eective sensor velocity throughout the rst mission was 7518615 m/sec. This suggests to use the following model for the Doppler power spectral density in the processor to normalize the azimuth compression gains:
(6) The incoherent`multi-look' ltering is the last step of MGD generation. Its gain is easy to control: it is the sum of the averaging weights and is the same for signal and noise.
IMAGE QUALITY
The DLR developed X-SAR processor [15] uses a range/Doppler algorithm with secondary range compression. Focusing parameters like Doppler centroid and Doppler rate are updated at every range sample and every 3.0 ... 0.5 sec in the azimuth direction to guarantee diraction limited image quality and phase purity [16] . Range chirp replicas are available from the TX-calibration sequences. The chirp parameters are so stable that a xed analytic range chirp reference can be used for range compression; it employs a 3rd degree polynomial phase.
Of course, the achievable image quality (resolution etc.) depends on the sensor modes and the imaging geometry. As an example we show representative results from the analysis of 8 corner reector responses covering the entire swath of the Oberpfaenhofen scene from data take 30.0 on SRL-1. The PRF was 1395 Hz and the processed azimuth bandwidth 900 Hz. The full resolution SSC product is more sensitive to orbit and processing errors than the MGD.
The mean image quality parameters for the SSC are compared to the theoretically achievable ones in table 3 (for SSCs no spectral weighting is applied in the processor). For each point response we also checked the phase of its Fourier transform: no residual phase aberrations could be observed.
Since the MGD is generated from an (oversampled) SSC by incoherent ltering, its resolution can be arbitrarily chosen within the physical limits. Table 4 : Image quality of multi look, ground range, detected (MGD) images (DT 30.0, SRL-1). direction ltering is always applied, because the inherent single look resolution is always smaller than the desired 25 m. In range, however, resolution mode and incidence angle may vary such that the 25 m goal cannot be met. As a consequence range ltering is only applied for incidence angles higher than 22.5 o or 50 o for the ne or coarse resolution modes, respectively. Table 4 summarizes the MGD image quality parameters and the corresponding requirements. The parameter PSLR is not listed, since the incoherent lter tends to smooth out the sidelobe structure of the impulse response; in most of the cases distinct sidelobes are no longer present.
6 ABSOLUTE CALIBRATION For the purpose of absolute radiometric calibration we deployed 15 trihedral corner reectors of dierent size (six with 3 m, six with 1.5 m and 3 with 1 m leg length) in the core area of the Oberpfaenhofen test site (cross-track extension: swath center 610 km). The trihedrals have been reoriented to the shuttle path before each data take. Using our antenna elevation pattern from gure 6 and the corresponding boresight angle we processed radiometrically corrected X-SAR images.
We analyzed these images on a calibration workstation running our analysis software package CALIX [17] . The determination of the image power in CALIX is based on the integral approach [18, 19] . Minimum and maximum signal-tobackground ratios for the dierent corner reectors are presented in table 5. The signal-to-background ratio stands here for the quotient of the peak trihedral response and the average background return. In a rst iteration we reduced the Table 5 : Signal-to-background ratios for dierent trihedral corner reectors.
processor gain to avoid clipping of the point target responses. We then determined the absolute calibration factor from all corner reector responses of SRL-1. The factors derived from the 3 m trihedrals were systematically lower than those from the 1.5 reectors by 0.3 dB. Mechanical tolerances are the reason for this decrease in radar cross-section. We took this into account, adjusted the processing gain in order to optimize the dynamic range of the image products and nally xed the absolute calibration factor at K o = 200;000 ( 53 dB) for SSC and K o = 1;000;000 (60 dB) for MGD. The reason for the dierence between SSC and MGD calibration factors is the dierence in dynamic range. The calibrations of SSC and MGD products were compared and found to be within 60.05 dB.
In a second iteration all Oberpfaenhofen scenes of SRL-1 have been repro- Figure 7: X-SAR absolute calibration factor for MGD products derived from 120 image responses of trihedral corner reectors.
cessed and reanalyzed to make sure that the ne-tuning of the processor has been applied correctly. The results for the MGD products are presented in gure 7.
The absolute calibration factors from dierent trihedrals are marked as crosses for all Oberpfaenhofen data takes of SRL-1. This plot also includes the SRL-2 data (marked as diamonds), which meanwhile have been processed using the same processor version as for SRL-1. O-nadir look angles together with uncertainties and o-boresight angle ranges are given in tables 2 and 6 respectively. Because of the increasing radiometric error with increasing o-boresight angle (see Figure  10 ) the standard deviation of the calibration factors derived from individual data takes is proportional to the range of o-boresight angles. The individual calibration factors are within the 61 dB band around the mean value of 60 dB. The only exceptions are the data takes 30.00 for SRL-1 and 94.00 for SRL-2. The rst one is saturated (gain setting too high), the second one gives lower calibration factors because our reectors have been imaged under a squint angle of 7 o (problems with the attitude control system). DT 126.02 (SRL-2) was a`snow' data take; approximately 2 cm of wet snow on the trihedrals surfaces resulted in a RCS loss of more than 10 dB. DT 158.12 was only acquired during SRL-2 because of the extended mission duration. The accuracy of the end-to-end calibration of the X-SAR processing chain has been checked using rain forest data. Five scenes with a wide range of incidence angles and PRFs as well as the two resolution modes have been processed and analyzed: range power proles of visually homogeneous areas were computed and converted from range to incidence angles and from o to = o = sin i . can be assumed to be independent from incidence angle for X-band. Figure 8 shows a typical -prole. The residual relative radiometric error is within 60:3 dB. The accuracy of absolute calibration is demonstrated in gure 9: all ve -proles are shown in one plot ranging from 24 o through 62 o . This gure suggests again that the absolute calibration accuracy of X-SAR is well within 61 dB. An exception is data take 151.05: here the raw data are severely saturated in mid-swath resulting in a loss of image power; only the -estimates at the swath edges are representative.
The residual radiometric errors within the image swath are caused by orbit and attitude uncertainty. Note that the maximum slope of the two-way antenna pattern is 10 dB/ o . From both Doppler parameter estimation and ground receiver measurements we know that the uncertainty of the attitude information is 0:2 o (see section 3). Additionally, a (realistic) radial orbit position error of 500 m at 25 o look angle causes the conversion from look angle to range to be o by 0.25 o .
From these considerations it becomes evident that the calibration accuracy deteriorates toward extreme near and far ranges. This was expected after preight estimates [4] and is the penalty for not truncating the image swath. Figure  10 shows the cross-track calibration accuracy for dierent boresight uncertainties. The o-boresight angle range from -5 o to +4.5 o corresponds to the part of the antenna pattern (approx. -10 dB points) used in the SAR processor. From our corner reector measurements at dierent elevation angles we estimated the calibration accuracy at the center part of the swath. This estimate together with the elevation antenna pattern from gure 6 allows to calculate the calibration accuracy for dierent roll angle uncertainties. An error of 2 -5 dB at the swath edges is not unrealistic, especially at steep look angles. Indeed with about 5% of the X-SAR images processed so far a miscorrection at near and far range is visible.
7 SYSTEM NOISE In our preight studies [4] we estimated the variation in the thermal noise power due to dierent antenna brightness temperatures (dierent contributions from the earth surface) to be less than 0.5 dB. The reason for this low variation is a signal attenuation of more than 4 dB from the antenna to the LNA input. Ohmic losses in the antenna feed network and in the wave guide from the circulator to the antenna are responsible for this attenuation. Consequently, it is not necessary to perform receive-only mode measurements before and after each data take.
During the missions receive-only sequences were recorded using the highest RX-gain setting. From those the system noise for ne and coarse resolution mode was estimated and the noise equivalent o was calculated. Fig. 11 shows noise equivalent o as a function of incidence angle, resolution mode, and product type for the most often operated PRF of 1395 Hz. The elevation antenna pattern has been neglected, i.e. this plot is only valid for mid-swath; toward the swath edges the noise increases according to the antenna pattern. For the user this means that in most of the cases system noise can be neglected and noise subtraction need not be performed. For comparison it may be interesting that ERS-1 has a noise equivalent o of -26 dB at 23 o incidence angle.
CONCLUSIONS
The low noise oor (see Fig. 11 ) and the radiometric accuracy of 61 dB are the main reasons for the high quality of the X-SAR data. The performance of the space shuttle's attitude control and information system was found to be far better than specied and allowed accurate correction of the cross-track antenna pattern. Due to the unexpected low temperature variation on the cold plates the whole sensor electronics were very stable, especially the receiver gain.
Our approach to measure the one-way antenna pattern with ground receivers was shown to be feasible. Rain forest data have been used to validate the receiver measurements and data from both sources are in good agreement. The trihedral corner reectors made of solid aluminium plates provided highly accurate reference targets for absolute calibration. Even from the 3 m reectors we obtained consistent results in X-band. The normalization of the processor gain was accurately performed. The calibrations of SSC and MGD products are within 60.05 dB. Data acquired under dierent look angles, PRFs, resolution and quantization modes agree well with each other (see Fig.9 ). -proles of the rain forest measured at X-band are at over an incidence angle range from 20 o to 65 o .
The remaining calibration error is still due to the uncertainty of the attitude information. More accurate roll angles would further improve the calibration accuracy especially at the swath edges.
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